Symblepharon due to chemical burns affects ocular surface health, and there are currently no satisfactory treatments. to improve our understanding of symblepharon, an appropriate animal model is urgently needed. We established a rabbit model of superior conjunctival sac alkaline burn to evaluate symblepharon severity. Alkali burns were induced in rabbits by contacting the superior conjunctival sac with 2 N NaOH-soaked semicircle filter paper (10 mm diameter) for 60 s, 90 s or 120 s. Clinical and histological features were examined, symblepharon severity was evaluated via conjunctival sac depth (grade I -IV) and volume measurements (grade a-d) post-injury at 4 weeks. With increasing alkali burn duration, corneal perforation and symblepharon severity increased. The 60 s group manifested a subconjunctiva scar. The 90 s group featured localized adhesion. The 120 s group was characterized by extensive scar hyperplasia and adhesion. the rabbit model exhibited stable and reliable symblepharon following an alkali burn of the superior conjunctival sac. For further research, 90 s is a suitable duration for conjunctival sac burn. the volume measured using conjunctival sac casting was considered when developing a successful evaluation system for symblepharon severity.
Symblepharon is one of the most challenging complications at the late stage of alkali burn. The deleterious effects of symblepharon on the ocular surface include dry eye, inadequate blinking, eyelid malposition, mechanical extraocular movement restriction and additional abnormal appearance. Various approaches have been developed for the treatment of symblepharon. The use of systemic steroids 1 , immunosuppression 2, 3 , or stronger agents can help mitigate ocular surface inflammation, which drives the cicatricial process. Tissue substitutes such as conjunctival graft 3, 4 , amniotic membrane 5, 6 , oral mucosa 7 , and nasal mucosa 8 have been used to cover the exposed surfaces after symblepharon lysis. Adjunctive measures have been evaluated to prevent potential re-adhesion, such as symblepharon rings, silicone sheets 9 , mitomycin C (MMC) 10 , anchoring sutures 11 , bevacizumab 12 , and beta irradiation 1, 13 . Despite the efforts described above, the formation and recurrence of symblepharon after alkali burn remain highly variable among centers 6, 10, [14] [15] [16] . To obtain a better understanding of symblepharon, a suitable animal model is needed. Current animal models for alkali burns focus on the role of alkali damage to the cornea. A conventional study used round filter paper discs immersed in NaOH to contact the central axis of the cornea to induce alkali wounds [17] [18] [19] . Zhou et al. 20 placed a circular cotton sponge soaked in NaOH onto the central cornea to initiate alkali burns. Haddox et al. 21 induced alkali burns by applying NaOH solution directly to the surface of central corneas. These studies, however, did not mention the accompanied symblepharon. By the time the cornea was burned, extensive conjunctiva damage had already been caused, and symblepharon may have occurred later. Herein, we report our experimental findings modelling symblepharon in rabbits using alkaline conditions to destroy conjunctiva other than the cornea. This study provides a laboratory and clinical research basis for the prevention and treatment of alkali-injured symblepharon.
Results clinical observation.
The clinical manifestations at different stages after superior conjunctival sac alkali burn are shown in Table 1 and Fig. 1. conjunctival sac volume. The conjunctival sac casts are shown in Fig. 2 . The surface of the normal conjunctival sac cast was smooth, and the margin was natural arc-shaped. The superior conjunctival sac reduced with surface indentation in group A. The superior conjunctival sac was obviously diminished with sulcus defects on the surface of the cast in group B. Most of the superior conjunctival sacs were absent on the surface of the mould in group C.
The conjunctival sac volume measurements are presented in Table 3 . The mean baseline preoperative conjunctival sac volumes were 1.39 ± 0.15 cm 3 in group A, 1.39 ± 0.16 cm 3 in group B and 1.40 ± 0.17 cm 3 in group C. The volumes decreased to 1.08 ± 1.29 cm 3 , 0.64 ± 0.08 cm 3 and 0.32 ± 0.15 cm 3 , respectively, in groups A, B and C on week 4 following alkali injury. The decrease in each group was 22.03%, 54.40% and 77.64%, and the difference in the percentage decrease among the three groups was significant (P = 0.000).
The relationship between the centre distance from the fornix to the lid margin and the conjunctival sac volume was explained by curve estimation, as shown in Fig. 3 . The cubic model was significant (coefficient of determination R 2 = 0.829, P = 0.000), and a curve regressive relation existed between the volume of the conjunctival sac and the length from the fornix to the lid margin.
Severity of symblepharon.
The severity of symblepharon in each group is shown in Table 4 . Symblepharon severity significantly increased with the severity of alkali burns (P = 0.000).The proportions of grade I and grade a were 66.67% in group A, grade II (83.33%) and grade c (100%) were dominant in group b, grade III (75.00%) and grade d (66.67%) made up the majority of group C, and there was only one eye of grade IV in group C (8.33%).
Histopathology. Micrographic photographs of haematoxylin-eosin staining at follow-up are presented in Fig. 4 . The proliferation of fibrous tissue beneath the wound was observed in all groups one week post-burn, and there was extensive necrotic tissue in group C. As the damage increased, a transition phenomenon at the centre keloid tissue was observed among the three groups on the fourth week post-burn, and many fibroblasts were observed in groups A and B.
complications. Perforation rate: There was no corneal perforation (0%) in group A. Two eyes (16.67%) in group B had perforation of the cornea in the 3rd week, and the perforation was healed by the 4th week. In the first 2 to 3 weeks, the cornea was perforated in 9 eyes (75%) in group C, among which 6 eyes eventually healed, and 3 eyes remained with corneal ulcers. As the duration of the alkali burn increased, the corneal perforation significantly increased (P = 0.000). Table 1 . Alkali-burned superior conjunctival sac following 4 weeks slit lamp microscopy examination.
Discussion
The conjunctival sac (superior fornix and inferior fornix) is the blind pouch where the conjunctiva reflects upon itself between the bulbar and palpebral surfaces. The conjunctival sac depth is not clearly defined, while most researchers consider it as the depth of the conjunctival fornix, the distance from the palpebral margin to the deepest fornix. In fact, the depth of the conjunctival sac is also related to the distance from the limbus to the fornix on account of the continuity of the conjunctiva. Davis 22 reported data of rabbit fornices and reported that the distance from the upper palpebral margin to the upper fornix was 8 mm in eye specimens. Further measurements were implemented on the superior fornix in vivo. For the distance from the upper palpebral margin to the upper fornix, the centre was 20.36 ± 1.20 mm, the temporal region was 19.94 ± 1.37 mm, and the nasal region was 19.03 ± 1.34 mm. These data were consistent with human studies (20 mm). For the distance from the limbus to the fornix, the centre was 13.60 ± 0. 89 mm, the temporal region was 13.10 ± 2.21 mm, and the nasal region was 12.33 ± 1.18 mm. These values were slightly more than that in humans (8-10 mm). An alginate impression material moulding was designed to show the three-dimensional morphology and the volume of the conjunctival sac. The upper eyelid was stretched to its natural maximum by subjecting to a force of 0.2 N, and the volume of www.nature.com/scientificreports www.nature.com/scientificreports/ the conjunctival sac was 1.39 ± 0.16 cm 3 . A cubic curve regressive relation existed between the volume of the conjunctival sac and the distance from the fornix to the lid margin.
Anatomically, when adhesion between the palpebral and bulbar conjunctiva develop and the fornix is obliterated by scar, symblepharon is formed. A good symblepharon model should meet the following requirements: Table 2 . The superior conjunctival sac depth (mm). The differences in the reduction were statistically significant among the three groups (P = 0.000). In group A, there were a statistically significant differences in the change from fornix to limbus among all the positions (P = 0.000), there were no differences in the change from fornix to eyelid margin among all positions (P = 0.567). In group B, at all positions, the decreases from fornix to limbus or the decrease from fornix to eyelid margin were all significant (P = 0.000, P = 0.016), and there was no differences between temporal and nasal region. In group C, the changes from fornix to limbus were all significant at all positions (P = 0.000), and there was no differences between temporal and nasal region, the differences of change from eyelid margin to fornix was not significant (P = 0.376). www.nature.com/scientificreports www.nature.com/scientificreports/ a controllable burn, consistent funicular fibres, and moderate extent of fibrous adhesion without serious damage to the cornea or eyelids. NaOH solution directly dropped into the conjunctival sac or filter paper soaked in NaOH solution attached to the cornea is popular methods to induce alkali burn models. However, corneal perforation occurs frequently following extensive injury, leading to ocular atrophy. In this study, we describe improved success using a modified filter paper attached to the superior fornix. Given the forniceal depth and the contracted conjunctiva under the alkaline stimulus, the filter paper was a half-moon shape with a diameter ). Conjunctival sac volume decreased in groups A, B and C on week 4 following alkali injury. The difference in the percentage decrease among the three groups was significant (P = 0.000). www.nature.com/scientificreports www.nature.com/scientificreports/ of 10 mm, and the straight edge of the paper was 2 mm from the superior limbus and 5-6 mm from the upper eyelid margin. The filter paper soaked in NaOH solution was not as prone to complications, such as perforation or eyelid edge necrosis, as it was kept apart from the limbus and the lid margin. Eyeball rotation was controlled In group A, conjunctival epithelium migration continued with the migration of fibroblasts to the burn site. In group B, re-epithelialization delayed and fibroblasts proliferated actively. In group C, necrosis was predominant. (f-k) Photograph of superior conjunctival sac on week 4 after alkali-burn procedure in the three groups. In group A, the conjunctival was normal, several mature fibroblasts lying among sub-conjunctival collagen fibres. In group B, delayed re-epithelialization, superficial band-like cicatrization and numerous juvenal fibroblasts existed. In group C, extensive conjunctival fibrosis and cicatrization (original high magnification, ×40) (original low magnification, ×200). (2019) 9:13857 | https://doi.org/10.1038/s41598-019-50286-x www.nature.com/scientificreports www.nature.com/scientificreports/ by anaesthetic (the eyes may be rotated to a certain degree under anaesthesia) to avoid displacement of the burn area during operation. Therefore, adhesion could form between the palpebral and the bulbar conjunctiva, moderate adhesion is beneficial for operation and observation, and corneal lesions were kept to a minimum as much as possible.
To evaluate the symblepharon severity in rabbits, a modified classification was used according to the previously reported grading system 16 . The severity was graded based on the following two parameters. The first parameter is fornix depth, defined as the centre distance from the lid margin to the deepest fornix. Kheirkhah et al. 16 described the significance of fornix depth in the severity of symblepharon, and the appropriate surgical strategy could be employed for various grades. The authors disclosed that fornix reconstruction could be successfully achieved in grade II symblepharonby surgery, such as cicatrix lysis with a tissue substitute including conjunctiva, oral mucosa and amniotic membrane, or other combined additional measures. Naturally, grade II symblepharon is suitable for experimental animal studies. The second parameter is volume reduction, measured via conjunctival sac casting. Considering that most adhesion is localized, depth values may not be sufficient to present symblepharon severity. Herein, we propose a novel method for volume measurement using conjunctival sac moulding. The results showed a significant positive correlation between volume reduction and the degree of alkali burn. For adhesion was fibrous cord characterized by soft and small-scale, residual space exists around the fibrous adhesion; accordingly, ocular motility is not restricted as much. The volume actually reflects the entire conjunctival sac and can help determine the impact of adhesion on the whole conjunctival sac. This study showed a cubic curve regressive relationship between the centre distance from the fornix to the lid margin and the conjunctival sac volume, and thus, volume change was correlated with the severity of symblepharon.
Additionally, conjunctival sac casting provides a new method for evaluating conjunctival sacs. As shown in the results, the three-dimensional surface of conjunctival sac casts could be presented on the cast. The space-occupying lesion of conjunctival sacs, such as the adhesion strip, was easily identifiable on the cast. Indentations or sulcus defects were shown in groups A and B, but superior conjunctival sacs were absent in group C. Grade d (66.67%) comprised a larger portion of group C than the other two groups, although the burned area was the superior fornix. Longer durations of alkaline burn increased the permeability of the alkaline substance, causing the inferior fornix to be extensively damaged and the volume to decline sharply.
Four pathophysiologic and clinical phases have been previously introduced after chemical injury 23 , and the cornea has been more emphasized than the conjunctival sac. The analysis of rabbit fornix described herein also showed a distinct phase (Fig. 4) . In the first week, as during the early repair phase, group A was less injured, and epithelial migration continued with the migration of fibroblasts to the burn site. Group B was more injured, re-epithelialization continued and was delayed, and fibroblasts were observed. Group C involved extensive damage to the fornical conjunctival epithelium, and necrosis was predominant. After the third week, during the late repair phase, while the cornea completed phase III healing, progressive symblepharon formation was exacerbated to varying degrees. In group A, the conjunctival epithelium was clinical and phenotypical normal, several mature fibroblasts could be observed among sub-conjunctival collagen fibres, and collagen organization was improved. In group B, conjunctival epithelium re-epithelialization was delayed, superficial band-like cicatrization occurred due to an initial defect in the epithelium, and numerous juvenal fibroblasts existed in the matrix. In group C, extensive conjunctival fibrosis and cicatrization due to progressive sterile ulceration at the early stage were unusual, and ocular surface wetting abnormalities caused by abnormal mucus secretion persisted for weeks. If the epithelium continued to be absent, conjunctival erosion persisted. In brief, corresponding to the fibrovascular pannus of the cornea, fornix foreshortening or symblepharon commonly appeared at the late stage of chemical burns, the clinical course was similar to that in humans.
Nonetheless, species differences between the rabbit and human eye should be considered. Compared with humans, rabbits have much thinner tarsal border and sclera than humans 22 , which may lead to much more penetration of the alkaline substance. Rabbits have smaller exposed portion of the conjunctiva because of the obvious protrusion of the eye from the socket and the unusually wide cornea; thus, inflammatory exudates are more likely to accumulate around the wound. The fibrous tissue of the conjunctiva and the subconjunctival fascia is not as abundant in rabbit as in humans 22 , which might shrink the buffers of fibrous tissue, and the alkaline substance may diffuse across a larger area. All of these factors can affect the occurrence of symblepharon. However, the anatomical structure of the lid, including the skin, orbicularis muscle, tarsus, and conjunctiva in rabbits, is similar to that of humans 22 . For the purpose of alkali burn studies, symblepharon of the conjunctiva is similar in both species.
The present study presents a quantitative description of symblepharon, and future studies can be designed to use this quantitative system to evaluate treatments for symblepharon. For example, the studies by Khorshidi et al. 24 and Horii et al. 25 showed that sodium hyaluronan and thermally cross-linked gelatine film have significant effects in preventing adhesion formation. With improvements in anti-adhesion strategies, it is conceivable that alternative drugs or surgical experiments may be tailored in this animal model of symblepharon. In addition, it is important to note that, rabbits have a much smaller eyeball than humans, surgical studies may not be conducted as easy as drug experiments.
In summary, the rabbit model demonstrated stable and reliable symblepharon following alkali burn to the superior conjunctival sac. The results suggest that the duration of conjunctival sac burn is important in this rabbit model, and 90 s is a suitable duration of burn for further research. The volume measured using conjunctival sac casting should be considered when developing severity evaluation systems of symblepharon. Animal models that retain the adhesion may help further our basic understanding of symblepharon in future clinical and experimental investigations. conjunctival sac alkali burn. To create alkali burns in group A, 10-mm-diameter Whatman filter paper was cut into halves. After soaking in 2 N of NaOH (50 μL) for 10 s, the half-moon-shaped filter papers were placed on the superior conjunctival sac for 60 s with the arced edge placed deep in the upper fornices and the straight edge placed 2 mm from the superior limbus. The conjunctival sac was then rinsed with saline until pH was approximately 7 to 7.5 (measured by pH paper). The same procedure was repeated in the other groups. The duration of filter paper contact with the conjunctival sac was 90 seconds in group B and 120 seconds in group C. After burn induction, the rabbits were observed individually in their respective cages, and levofloxacin antibiotic drops (0.5%, 1 ml:4.88 mg, Santen Seiyaku, Osaka, Japan) were applied three times daily for 4 weeks to all eyes.
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conjunctival sac depth and conjunctival sac volume. The depth of the superior conjunctival sac and the volume of the conjunctival sac were measured preoperatively and on the 4th postoperative week. For the depth of the superior conjunctival sac, which conformed to the curvature of the eyeball, a plastic measuring tape with a scale starting at zero without sharp edges was inserted into the superior conjunctival sac; the limbal value was measured as the distance from the limbus to the fornix, and the eyelid margin value was measured as the distance from the deepest fornix to the lid margin (Fig. 5) . According to the quartered palpebral fissure, three locations of the superior conjunctival sac, namely, the temporal, centre and nasal locations, were measured.
For the volume of the conjunctival sac, alginate impression material moulding of the conjunctival sac was performed as follows: The eyelid was completely closed using 4-0 silk sutures (Ethicon Inc, Somerville, New Jersey, USA) at the 1/3 palpebral location and the 2/3 palpebral location through the tarsal plate of the upper and lower lid. A 2 cm loop at a distance of 1 cm from the midpoint of the upper eyelid edge was placed with a 4-0 silk suture as a traction. The upper eyelids were stretched with a force of 0.2 N by a dynamometer through the loop. One gram of alginate impression material was mixed with 7.5 mL of sterile water. When the colour of the mixture changed from orange to yellow, the emulsion was injected into the conjunctival sac through the central palpebral fissure until the emulsion overflowed. After 60 s, the sutures of the palpebral fissure were removed, and the solidified conjunctival Table 5 . Grading system for symblepharon severity.
